Abstract Despite the significant advances in neurological medicine, it remains difficult to treat ailments directly involving the brain. The blood brain barrier (BBB) is a tightly regulated, selectively permeable barrier that restricts access from the blood into the brain extracellular fluid (BEF). Many conditions such as tumors or infections in the brain are difficult to treat due to the fact that drugs and other therapeutic agents are unable to easily pass through this relatively impermeable barrier. Human Immunodeficiency Virus (HIV) presents a particular problem as it is able to remain dormant in the brain for years protected from antiretroviral drugs by the BBB. The development of nanoscale carriers over the past few decades has made possible the delivery of therapies with the potential to overcome membrane barriers and provide specific, targeted delivery. This review seeks to provide a comprehensive overview of the various aspects of nanoparticle formulation and their applications in improving the delivery efficiency of drugs, specifically antiretroviral therapeutics to the brain to treat HIV.
Introduction Blood Brain Barrier: Physiology and Transport Regulation
While numerous advances have been made in the treatment of neurological medicine, specifically in the treatment of disorders of the brain, it remains difficult to treat ailments directly involving the brain. The blood brain barrier (BBB) is a tightly regulated, selectively permeable barrier that restricts access from the blood into the brain extracellular fluid (BEF). Many conditions such as tumors or infections in the brain are difficult to treat due to the fact that drugs and other therapeutic agents are unable to easily pass through this barrier due to the relative impermeability of the blood brain barrier.
The BBB is an entity made up of capillary endothelium, astrocyte, pericytes and extracellular matrix. It functions as a diffusion barrier that is vital to the function of the central nervous system (Ballabh et al. 2004) . The permeability of the BBB is controlled via the cerebral capillary endothelium which has a junction complex that restricts permeability and separates circulating blood from brain extracellular fluid (Lawther et al. 2011 ). This selective permeability prevents potentially harmful molecules and bacteria from crossing into the brain with possibly deleterious effects to the Central Nervous System (CNS). The BBB does allow some compounds such, as water, lipid soluble molecules and gasses to diffuse through this membrane, while other molecules must enter via membrane transport.
The barrier function of the BBB is due in large part to the tight junctions that are between endothelial cells. These tight junctions present high selectivity that limits the passage of solutes from the blood into the BEF. These junctions are made of transmembrane proteins such as occludins, claudins, and junctional adhesion molecule (JAM) (Stamatovic et al. 2008) .
Astrocytes make up a key feature of the BBB in that, astrocyte cell projections help to maintain the expression of enzymatic activity, tight junctions and protein transporters to ensure normal functioning of the blood brain barrier (Watkins et al. 2014) . These astrocytic feet provide biochemical support to the endothelial cells that they surround (Abbott et al. 2006) .
While transport across the BBB is tightly regulated, there are mechanisms that allow the passage of some chemical and biological agents to cross this membrane. Some small molecules, such as hormones, O 2 , or CO 2 are able to diffuse through the BBB, while other larger molecules, such as glucose, can transverse the BBB via transport receptors.
Blood Brain Barrier Transport Techniques
Currently, there are several strategies for transporting drugs across the BBB. These strategies include physical, chemical and biological means to circumvent the obstacles involved in delivering therapeutic treatment directly to the brain. Transcranial drug delivery is a neurosurgical method for delivering drugs directly to the central nervous system (Pardridge 2005) . Transcranial drug delivery can either be performed by one of three methods: intracerebral implantation, intracerebralventricular (ICV) infusion, or convection enhanced diffusion (CED) (Pardridge 2005) . While intracerebral infusion and intracerebral implantation is able to bypass the blood brain barrier, a key limitation is its reliance on diffusion. As the drug penetrates into the brain tissue, the concentration of the drug decreases significantly with each millimeter of tissue it travels away from the injection site (Pardridge 2005) . Passing through the BBB can be also accomplished by the use of osmotic disruption of the BBB. This disruption can be performed by the use of vasoactive substances, such as bradykinins, or by exposure to highintensity focused ultrasound (HIFU) (McDannold et al. 2008) . It has also been suggested that the permeability of the blood brain barrier may be increased upon exposure to electromagnetic pulses .
Another method of passing therapeutics through the BBB involves the use of BBB transporters. A BTrojan horse^meth-od can be employed to bypass endothelial transport proteins and allow the passage of drugs across the BBB. A targeting ligand, or antibody can bind to an endocytotic receptor. Once bound, the drug is then associated with this ligand and transport is facilitated (Meairs 2015) . Water-soluble molecules that would not ordinarily be capable of bypassing the blood brain barrier have been modified into lipophilic analogs that can more easily penetrate the barrier (Meairs 2015) . These prodrugs are typically used to treat neuronal diseases and can augment the efficacy of therapeutics (Upadhyay and Upadhyay 2014) .
Despite these advances in delivering therapeutics past the BBB, there remain several distinct limitations. In the case of directly diffusing drugs, as in the case of infusion, diffusion, or neurosurgically placing the drug behind the BBB, there is a significant loss of concentration of the therapeutic for every millimeter of brain tissue through which it passes. This could result in a loss of effectiveness of the therapeutic prior to it reaching its intended target. Current methods for passing drugs through the BBB have the limitation of drug molecules becoming entrapped in BBB endothelial cells rather than passing through to their intended targets. A promising new method for this problem is the use of nanotechnology to ferry drugs across the BBB. This novel and exciting technology, more specifically use of nanoparticles, has the potential to perform multiple therapeutic functions at once, and perhaps to carry out multiple functions in a predetermined sequence. This function is of particular interest in the treatment illnesses associated with the CNS and would result in significant benefit to patient care and treatment (Silva 2008) .
Nanoparticles
Nanoparticles are small structures that may be utilized to carry and deliver therapeutic agents to complex biological systems (Kreuter 2014; Patel et al. 2012) . Therapeutic nanocarriers can range in size from 1 to 1000 nm and be generated from a wide variety of substances, both biodegradable and non-biodegradable, including polymers, lipids, carbon nanotubes and ceramics (Kreuter 2014; Patel et al. 2012; Gastaldi et al. 2014) . Nanoparticles are especially important for therapeutic delivery to areas that are otherwise difficult to access, such as the central nervous system and areas beyond the blood-brain barrier.
Biodegradable nanoparticles are becoming increasingly popular in the creation of therapeutics to increase bioavailability, retention, and solubility. Nanoparticles tend to be more stable than liposomes (Zensi et al. 2009 ). Drugs can be encapsulated by different types of nanoparticles to protect the drug from chemical and physical degradation, to allow slow release, to target specific tissue or cell types, and to cross barriers that are otherwise impassable (Gelperina et al. 2010) . Medicinal drugs can be encapsulated into nanomedicines to improve drug efficacy, tolerability, specificity, therapeutic index (Nagpal et al. 2010 ) and also to decrease the dosage, toxicity, side effects (Kreuter 2001 ). Nanomedicines are being tested for use in treating cancers, diabetes, malaria, acquired immunodeficiency syndrome (AIDS), tuberculosis, and prion diseases (Nagpal et al. 2010) .
Polymers, either artificially-or naturally-derived, have been the material of choice for nanoparticles for several reasons; they are highly stable, allowing for a high amount of agent to be loaded, they are readily able to be customized to present a wide variety of surface-attached ligands depending on the recipient cell type or tissue of choice, they are rapidly biodegradable and have been demonstrated to be safe for in vivo use (Kreuter 2014) , and they allow for control over drug release kinetics (Patel et al. 2012) . There are many considerations in determining which nanomedicine will be most effective (Nagpal et al. 2010) . Many kinds of polymers such as proteins, polysaccharides, and polyesters, have been used for nanoparticles designed to deliver drugs to the CNS, but poly(alkyl cyanoacrylates) such as poly(butyl cyanoacrylate) (PBCA) or poly(isohexyl cyanoacrylate) (PIHCA) and polyesters such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA) or their copolymer poly(lactide-co-glycolide) (PLGA) are especially popular because of their rapid biodegradation and history of safe use (Kreuter 2014; Patel et al. 2012) . Human serum albumin (HSA) and chitosan may also be useful polymers as they have low toxicity and are biodegradable (Nagpal et al. 2010 ).
Delivery and Mechanism
Different modes of nanoparticle delivery are also being studied, including brain (Rao et al. 2008) , nasal, oral, transdermal, cardio-vascular methods (Ham et al. 2009 ), and intravenous (Gastaldi et al. 2014) . However, the specific type of nanoparticle is dependent on both the drug and the drug target. Some considerations when choosing a nanoparticle are size, surface charge, hydrophobicity (Gastaldi et al. 2014 ), molecular weight, and persistence in tissue or circulation (Kumari et al. 2010) . Circulation time can be increased by using a smaller sized nanoparticle and/or coating the surface of the nanoparticle with hydrophobic polymers so they will more easily move between membranes (Gastaldi et al. 2014) .
Internally, it is thought that the most likely mechanism of nanoparticle uptake is receptor mediated transcytosis by brain capillary endothelial cells after intravenous injection (Kreuter 2001; Kreuter 2013; Wohlfart et al. 2012) . It has been experimentally demonstrated in many cell lines of various species, including rodent, human, bovine, and porcine primary endothelial, neuronal, and glioblastoma cell lines, that nanoparticles coated with polysorbate 80 or poloxamer 188 were taken up by an endocytotic mechanism (Kreuter 2014) . Demonstration of apolipoprotein interaction with several brain capillary endothelial cell lipoprotein receptors has also been shown in numerous studies (Zensi et al. 2009; Zensi et al. 2010) . Apo A-I has been shown to interact with the scavenger receptor class B type I (SR-BI) (Balazs et al. 2004; Panzenboeck et al. 2002) and Apo E and B were demonstrated to interact with the LDL receptor (LRP1) (Wagner et al. 2012) . Interestingly, the transcytosis of nanoparticles across the blood-brain barrier also appears to be dependent on circadian rhythms, although the specifics may vary based on species (Ramge et al. 1999) . Additionally, nanoparticles can be endocytosed by endothelial cells, can open endothelial tight junctions, and can increase endothelial cell membrane solubility in order to increase drug transport efficiency (Gastaldi et al. 2014) .
Tailoring Nanoparticles
Alterations of the surface ligands based on the desired target tissue can also serve to customize the nanoparticles. Different surfactants and targeting ligands can be modified in order to optimize the ability of the nanoparticles to enter and deliver drugs to specific locations in the brain. Surfactants such as polysorbates 80, 20, 40, and 60, as well as poloxamer 188 are some of the most frequently utilized in order to anchor various targeting ligands such as apolipoproteins (A-I, B, or E, most commonly), which interact directly with receptors on the brain to allow access (Kreuter 2014; Gelperina et al. 2010; Kreuter 2001; Kreuter 2013; Petri et al. 2007; Wohlfart et al. 2011a Wohlfart et al. , b, c, 2012 . Nanoparticles can also be conjugated to targeting components like cell-penetrating peptides (CPP), such as transactivator of transcription (Tat)-peptide, to increase uptake of the nanoparticle by cells (Borgmann et al. 2011; Rao et al. 2008) .
In many studies, it has been shown that nanoparticles of various compositions were able to successfully transport drugs across the blood-brain barrier and induce therapeutic effects in the target tissues, whereas drugs without the accompaniment of nanoparticles were significantly less effective. Delivery of anticancer drugs such as DOXorubicin (DOX) for treatment of brain tumors has been challenging, as it cannot cross the blood-brain barrier in its intact form to reach peritumoral areas within the brain. However, some studies have shown that transport of DOX across the BBB and into the brain parenchyma is possible when bound to PBCA nanoparticles coated with polysorbate 80 (Wohlfart et al. 2011a, b, c; Gulyaev et al. 1999) and that injections of these DOX nanoparticles has been shown to significantly inhibit tumor growth and increase the survival time of rats with glioblastomas (Steiniger et al. 2004 ). In addition, DOX bound to PLGA nanoparticles coated with poloxamer 188 was able to show similar or better anti-tumor effects in the same model system (Gelperina et al. 2010; Wohlfart et al. 2011a, b, c) . Treatment with these nanoparticles in rats has shown dramatic reduction in angiogenesis and necrosis in a dose-dependent manner (Wohlfart et al. 2012; Hekmatara et al. 2009; Wohlfart et al. 2009 ). Not only is it advantageous to use nanoparticles for drug delivery in the case of cancer, but they have also shown promise in Alzheimer's disease treatment. As with brain tumors, the delivery of drugs past the blood-brain barrier is inhibited in Alzheimer's patient treatment. Nanoparticles can offer a similar solution for this restriction Roney et al. 2005) . Several drugs such as rivastigmine, tacrine, quinolone, piperine, and curcumin have been bound to PBCA, chitosan, and PLGA nanoparticles for this purpose (Kreuter 2014) , resulting in a significant increase in the drugs' concentration in the brain. Additionally, Alzheimer's drugs bound to nanoparticles have been demonstrated in animal models to interact with neurons, reduce plaques and tangles, and positively affect memory (Mathew et al. 2012 , Yusuf et al. 2013 .
Nanoparticle Limitations
While the therapeutic potential of nanoparticles in drug delivery to the CNS is promising, there are some limitations that exist as well. Toxicological effects are still of significant concern and have been investigated in-depth by many experts. DOX alone, empty nanoparticles, and DOX-PBCA nanoparticles were examined in glioma rat model systems. Nanoparticles showed little to no toxicity in doses of up to 400 mg/kg within 30 days whereas DOX alone caused dose-dependent mortality and weight loss (Steiniger et al. 2004; Gelperina et al. 2002 , Pereverzeva et al. 2007 Pereverzeva et al. 2008) . Additional studies demonstrated considerably less toxicity in animals treated with DOX-bound nanoparticles compared to those treated with a DOX solution (Couvreur et al. 1982 , Soppimath et al. 2001 , likely due to the altered biodistribution of nanoparticle-bound drug (Wohlfart et al. 2012) . These studies are promising in terms of the safety of nanoparticle use clinically, however, many more studies of possible toxicological effects especially for long-term use is required. In the case of treating chronic illnesses such as Alzheimer's disease, permanent, frequent injections would be required. It is essential to determine the safety of nanoparticle treatment in this setting, where the polymer material may be capable of accumulating. It may be possible that the clinical use of nanoparticles for drug delivery may be feasible only for treatment of acute diseases, such as stroke, brain tumors, and enzyme replacement therapies that require only infrequent drug administration (Kreuter 2014) .
Biodegradable Nanoparticles Polymeric Nanoparticles
Poly-D,L-lactide-co-glycolide Nanoparticles (PLGA) Nanoparticles can deliver drugs by incorporating them on the surface of nanospheres or by releasing the encapsulated drugs from within nanocapsules (Kumari et al. 2010) . Figure 1 shows the basic structure of polymeric nanoparticles. The most widely used nanosystem to date is poly-D,L-lactide-coglycolide (PLGA) due to the fact that it can undergo hydrolysis within the body to make biodegradable and biocompatible metabolites (Ham et al. 2009; Kumari et al. 2010) . PLGAs are small enough to diffuse through the interstitial space to the targeted cells (Ham et al. 2009 ). When they are smaller than 250 μm, they remain in circulation for up to 2 weeks, but when larger than 250 μm, they cleared from circulation in just 2 days (Lai et al. 2014) .
These nanoparticles can be made by one process, called emulsification-diffusion method, which involves dissolving PLGA polymers in an organic solvent such as acetone or methanol, adding a stabilizer in an aqueous solution, and lastly adding water with constant stirring (Kumari et al. 2010; Lai et al. 2014) . Another way to make PLGA nanoparticles, solvent evaporation method, is by dissolving the polymers in volatile organic solvents, adding a stabilizer in an aqueous solution, sonicating to break apart the emulsion droplets, then stirring to remove the organic solvent (Kumari et al. 2010; Lai et al. 2014) . These nanoparticles can also be made by interfacial deposition method in an interfacial layer of water and organic solvent, then separated by centrifugation (Kumari et al. 2010) . However, most often, they are made by nanoprecipitation by dissolving the polymers in a polar solvent like acetone or methanol, drop-wise added to aqueous phase with a stabilizer, and the organic phase is evaporated (Kumari et al. 2010; Lai et al. 2014) .
FDA has approved use of PLGA in many human anticancer and anti-viral therapeutics (Kumari et al. 2010 ). 9-Nitrocamptothecin (9-NC) is an antitumor therapeutic that can be encapsulated by PLGA via nanoprecipitation to prevent pH dependent instability (Derakhshandeh et al. 2007; Kumari et al. 2010 ). Encapsulated 9-NC has been shown to work well in vitro and has demonstrated a sustained release up to 160 h (Derakhshandeh et al. 2007; Kumari et al. 2010 ). Paclitaxel, a drug which causes cell death by polymerizing tubulin, is used to treat ovarian and colon cancers, and can be encapsulated by PLGA via interfacial deposition method to increase solubility (Fonseca et al. 2002; Kumari et al. 2010) . One group found that encapsulating Paclitaxel increased efficiency of the drug in vitro via enhancing the drug's cytotoxic effect. Furthermore they found that these PLGA nanoparticles release Paclitaxel rapidly in the first 24 h, then more gradually over the next few days (Fonseca et al. 2002) . Triptorelin, a drug which can decrease luteinizing hormone to decrease testosterone production can be loaded onto the surface of nanospheres by double emulsion solvent evaporation method. The encapsulation of this drug was found to have improved that release profile of the drug (Nicoli et al. 2001) . However, this drug-nanoparticle complex has yet to be tested in vivo (Nicoli et al. 2001; Kumari et al. 2010) .
PLGA nanoparticles were found to be highly effective in increasing the half-life and stability of several drugs. Cisplatin, a drug which interferes with cell division by triggering DNA damage response, can be encapsulated by PLGA via double emulsion to increase the half-life in the bloodstream, demonstrated in mice (Avgoustakis et al. 2002; Kumari et al. 2010) . Xanthones is an anticancer agent that can be loaded onto the surface of nanospheres by solvent displacement and was found to increase stability up to 4 months (Teixerira et al. 2005 , Kumari et al. 2010 . A rose bengal formulation, which can make singlet oxygen to treat melanoma, can be encapsulated by PLGA via interfacial deposition to increase the half-life in the bloodstream, demonstrated in rats (Redhead et al. 2001; Kumari et al. 2010) .
poly(alkyl cyanoacrylate) Nanoparticles (PACA)
Poly(alkyl cyanoacrylate) polymer-based nanoparticles (PACA) are made by emulsion polymerization and can incorporate drugs with van-der-Waals interactions (Wohlfart et al. 2011a, b, c) . PACA nanoparticles have become popular do to the fact that they can be easily tailored to target specific tissues. In order to bypass the BBB, they are typically coated with surfactants such as Tween 80 (Ćurić et al. 2015; Wohlfart et al. 2011a, b, c) . Most PACAs are safe to use since they are biodegradable and can be easily made in large quantities (Ćurić et al. 2015) . Modified PACA nanoparticles have been used in studies involving neurodegenerative diseases such as Alzheimer's since it has the ability to cross the BBB and cause minimal inflammation (Orlando et al. 2013) . A 2013 study used several types of nanoparticles including PACA to deliver phosphatidic acid or cardiolipin to the brain (Orlando et al. 2013) . These nanoparticles were found to be a potential therapeutic for Alzheimer's due to their limited effect on vascular homeostasis (Orlando et al. 2013 ). However, they may cause an increase in nitric oxide production in target cells when using high doses (Orlando et al. 2013) .
poly(butyl cyanoacrylate)-PBCAThe poly(butylcyanoacrylate) nanoparticles (PBCA) are a member of PACA family. In general, PBCA are BBB-penetrable, non-toxic, and have a wide variety of applications. They cross the BBB by transcytosis (Åslund et al. 2015) . PBCAs have been found to be non-toxic by themselves, although, the loaded drug cargo could potentially be toxic to cells (Melguizo et al. 2015) . Additionally, PBCAs can be used to transfer fluorescent dyes across the BBB which can be useful in imaging studies (Åslund et al. 2015) . Although PBCAs show promise as drug delivery systems, they can only last a few days inside the body due to the fact that the polymers become polymeric acids that dissolve in water (Kuo 2005) . Furthermore, these nanoparticles are hydrophobic, as a result they are resisted to certain types of therapeutics and they do not work well with hydrophilic drugs (Kuo 2005) .
PBCAs can be made by drop wise adding an acetonic monomer solution to a solution with HCl and dextran (Kuo 2005; Melguizo et al. 2015) . After a few hours, NaOH is added, then acetone is removed by evaporation, and the nanoparticles ae purified by centrifugation (Melguizo et al. 2015) . If a drug, such as the anti-tumor drug DOX, was to be incorporated into the PBCAs, it would be added at the first step with the monomer (Kuo and Chen 2006; Melguizo et al. 2015) . PBCA stability can be improved using a lyophilization method involving freeze-drying (Kuo 2005) . Ćurić et al. were able to make PBCA nanoparticles smaller than 80 nm with a high concentration of itraconazole, which has previously been difficult to work with since it is not very soluble (Ćurić et al. 2015) . They have greatly increased the shelf-life and decreased the leakage rate of itraconazoleloaded PBCA nanoparticles by using the freeze-drying method (Ćurić et al. 2015) .
These types of nanoparticles have also shown promise in the use of antitumor drugs (Melguizo et al. 2015) . DOX, a commonly used chemotherapy for solid tumors, has been loaded into poly(butylcyanoacrylate) nanoparticles, a type of PACA nanoparticles in order to increase delivery efficacy of Surface loaded drugs Fig. 1 Basic structure of polymeric nanoparticles. Polymeric nanoparticles are the most widely used nanosystem to date, specifically poly-D,L-lactideco-glycolide (PLGA), due to the fact that it can undergo hydrolysis within the body to make biodegradable and biocompatible metabolites (Ham et al. 2009; Kumari et al. 2010) . Polymeric nanoparticles are small enough to diffuse through the interstitial space and into target cells (Ham et al. 2009 ). Diameter size dictates circulating levels. However, when polymeric nanoparticles are smaller than 250 μm, they remain in circulation for up to 2 weeks, and when larger than 250 μm, they are cleared from circulation in only 2 days (Lai et al. 2014) the drug to previously inaccessible lung adenocarcinomas (Melguizo et al. 2015) . The drug-nanoparticle complex significantly increased cellular uptake of DOX thereby reducing tumor volumes and increasing survival rates (Melguizo et al. 2015) .
Poly(isohexyl cyanoacrylate) PIHCA Poly(isohexyl cyanoacrylate) nanoparticles (PIHCA) are another type of PACA. PIHCA are being studied to aid in cancer treatment, specifically liver and brain cancer, incorporating the drug DOX (Wohlfart et al. 2011a, b, c) . Surfactant-loaded PIHCA are made by adding isohexylcyanoacrylate to a stabilizer (poloxamer 188 or dextran 70,000) in HCl (Wohlfart et al. 2011a, b, c) . After polymerization, NaOH is added to the solution, which is then filtered then resuspended in polysorbate 80 (Wohlfart et al. 2011a, b, c) . When a drug is incorporated into the nanoparticles, it is added during polymerization step (Wohlfart et al. 2011a, b, c) . DOX, an anti-tumor drug, loaded into nanoparticles in this way has been shown to have higher potency in rat glioblastoma cells compared to free DOX, as measured by several outcomes such as tumor size, proliferation activity, vessel density, necrotic areas, and expression of glial fibrillary acidic protein (Wohlfart et al. 2011a, b, c) . Furthermore PIHCA-DOX nanoparticle complexes may have increased efficiency compared to DOX-loaded PBCAs (Wohlfart et al. 2011a, b, c) .
Methacrylate Nanoparticles
Polymethylmethacrylate (PMMA), methylmethacrylate (MMA), poly(glycidyl methacrylate) (PGMA) and sulfopropylmethacrylate (SPM) are all biocompatible polymers used to create nanoparticles with low to no toxicity (Kuo and Lee 2012) . These polymers can be altered to carry several types of therapeutic agents. For example, when MMA and SPM are copolymerized, incorporated drugs like antiretrovirals can be transported across the BBB (Kuo and Chen 2006; Kuo and Lee 2012) . When MMA-SPM are charged, they are able to carry hydrophilic drugs, an ability absent from the PBCA nanoparticles (Kuo 2005) . SPM is normally negatively charged since it is a strong acid (Kuo and Chen 2006) , and therefore in order to make these nanoparticles, SPM is mixed with MMA in deionized water, then an initiator (APS) is added and the solution is incubated overnight (Kuo 2005) . The solution is then filtered, frozen, and lyophilized with mannitol (Kuo 2005) . A 2015 study utilized a hybrid nanoparticle consisting of a network of poly(glycidyl methacrylate) chains secured to a silica nanoparticle . Li et al. found this type of hybrid nanoparticle to be an ideal anti-cancer drug carrier, specifically of DOX . The DOX-loaded nanoparticles were effective in inhibiting the growth of the cancer cell line, A549 .
Human Serum Albumin (HSA)
Serum albumin, a protein present in blood, has been used to construct nanoparticles. Albumin has been studied as a drug delivery agent since the 1970s, and has been found to require cross-linking or stabilization before it can be effective as a drug carrier (Shton et al. 2015) . The nanoparticles are made by first dissolving HSA in deionized water while a lipophilic drug and cholesterol are dissolved each in a chloroformethanol solution (Thao et al. 2016) . The solutions were then mixed together followed by homogenization (Thao et al. 2016) . Finally, the chloroform was evaporated, nanoparticles centrifuged, and further purified by lyophilization (Thao et al. 2016) . These biodegradable nanoparticles are used in targeting of tumor cells because many tumor cells have a large number of albumin receptors on their surface (Shton et al. 2015; Thao et al. 2016) . Such nanoparticles have also been effective in targeting autoimmune disorders such as rheumatoid arthritis (RA) (Thao et al. 2016) . A 2016 study used albumin-based nanoparticles to increase the delivery of tacrolimus (TAC), an immunosuppressive drug used to treat RA (Thao et al. 2016) . The TAC-nanoparticle complex was successful in significantly reducing the incidence of rheumatoid arthritis compared to an intravenously delivered free TAC solution and an orally administered TAC solution (Thao et al. 2016 ).
PCL (poly-ɛ-caprolactone)
Poly-ε-caprolactone (PCL) is an FDA-approved biodegradable nanoparticle composed of biodegradable polyester that can easily attach to cells (Daňková et al. 2015) . These nanoparticles are found to be relatively safe due to the fact that the degradation process of PCL does not cause acidification (Daňková et al. 2015) . These nanoparticles are typically created by dissolving PLGA, PCL, and the drug of choice in dimethylformamide/acetonitrile, then adding the dissolved solution to deionized water, followed by dialysis of the solution against deionized water. After dialysis, the solution is centrifuged and filtered to purify the nanoparticles. PLGA is sometimes used as the outer matrix of the nanoparticles, and PCL is typically used to actually encapsulate the drug (Song et al. 2016) . The several drugs, including Disulfiram (DSF), a drug used to treat alcoholism that has been repurposed to target tumors, have recently been incorporated into poly-ε-caprolactone nanoparticles to increase the stability of the drug and also control release (Song et al. 2016) . In a 2015 study, Song et al. used ethoxy poly(ethylene glycol)-b-poly(lactide-co-glycolide)/poly(ε-caprolactone) or mPEG-PLGA/PCL nanoparticles to incorporate DSF (Song et al. 2016) . The results showed that mPEG-PLGA/PCL nanoparticles successfully inhibited tumor growth by 43.2 % in 24 days compared to a 0 % inhibition of tumor growth exhibited by free DSF (Song et al. 2016) .
Hydrogels
Hydrogels are becoming increasingly popular in the field of nanomedicine because of their high water content. They are composed of a 3D network of hydrophilic polymers. Hydrogels promote drug stability, but they also tend to have high drug diffusivity (Wischke et al. 2013 ). Since hydrogels have such a high diffusivity, methods must be taken to prevent the drug from diffusing too quickly, selecting proper polymeric mesh size, utilizing specific types of bonding, and creating hybrid nanoparticles via selection of an outer coating (Wischke et al. 2013) . Hydrogels are easily modified by taking advantages of protein-ligand interactions and antibody-antigen interactions (Wischke et al. 2013 ). These modifications can be used to decrease mesh size or to trap the drug until the nanoparticle receives a specific release signal (Wischke et al. 2013) . Hydrogels are of particular interest to the field of cancer treatments because they have shown to be a tractable, biodegradable, and biocompatible drug delivery system of chemotherapy drugs (Liu et al. 2016 ). Liu et al. loaded DOX into an injectable hydrogel created with sericin, a natural photoluminescent and dextran, a branch polysaccharide (liu et al. 2016 ). These injectable hydrogels inhibited melanoma tumor growth by 50 % compared to free DOX administration in male C57BL/6 mice models (Liu et al. 2016) . Additionally, the hydrogels increased survival rate of the mice by 33 % compared to those mice treated with free DOX (Liu et al. 2016 ).
Hybrid Hydrogel-Glassy Nanoparticles Hydrogel based nanoparticles have been shown to have substantial promise for drug delivery of many therapeutics. A significant limitation associated with a pure hydrogel based nanoparticle platform is that many of the polymeric structures comprising the hydrogel are permeated with channels. These channels can make the resulting nanoparticles porous with respect to the solvent and the deliverable. As a result drug release may be much more rapid than is therapeutically desirable. A solution to this problem has emerged that not only allows for controlled release of deliverables but allows for a solid state reDOX reaction that generates nitric oxide (NO) in situ within the nanoparticles. The idea for this technology emerged from molecular biophysics studies using both silane derived hydrogels to restrict large amplitude protein dynamics (Samuni et al. 2008; Samuni et al. 2006; Samuni et al. 2002; Khan et al. 2000) and sugar derived glassy matrices Gottfried et al. 1996) to limit small side chain fluctuations in proteins. In the course of these studies it was found that sugar derived glassy matrices can support long range reDOX reactions Navati and Friedman 2010; Navati and Friedman 2009; Navati and Friedman 2006) and that these property could be used to generate NO from nitrite. The production of NO within the glassy matrices was highly efficient but NO release occurred in a burst when the glass was exposed to an aqueous environment. In an attempt to slow the release, the glass concept was combined with the hydrogel concept with the idea being that strong hydrogen binding between a glass-forming sugar or polysaccharide with the hydrogel back side chains would create a glassy interior within the hydrogel. It was found that chitosan in combination with tetramethoxysilane derived hydrogel formulation not worked but spontaneously formed nanoparticles Friedman et al. 2008 ). The resulting nanoparticles, which also included a small amount of PEG, allowed for the solid state reduction of nitrite into NO. The resulting nanoparticles have the following important properties: They are stable when dry and only begin to release NO when exposed to water. This effect is attributable to water induced disruption of the hydrogen bonding network responsible for the glassy interior. The release rates for NO can be modulated through several minor modifications of the preparative process including the use of different sized PEG chains within the nanoparticles as well as doping the with different trimethoxy silanes as means of tuning the internal hydrophobicity of the nanoparticles. The mechanism of production of NO within these nanoparticles can be either (or a combination) the protonation of nitrite under high nitrite levels to generate first nitrous acid and then N 2 O 3 or a direct reduction of nitrite in the presence of protons to yield NO and water.
The NO releasing nanoparticles (NOnp) have been extensively tested in several in vivo settings including both topical applications and systemic applications. The results indicate that this platform is highly effective when administered either topically or IV. The topical studies show that not only are these nanoparticles extremely efficient as broad spectrum antimicrobials (including ESKAPE organisms and fungi) (Qin et al. 2015; Friedman et al. 2014; Schairer et al. 2012; Friedman et al. 2012; Friedman et al. 2011; Mihu et al. 2010; Martinez et al. 2009; Han et al. 2009 ) but also accelerate wound healing (Han et al. 2012; Blecher et al. 2012) . These nanoparticles have the capacity to penetrate the top layers of skin and deliver their payload. This property is dramatically evidenced in studies using NOnp as a topical treatment of erectile dysfunction (ED) in rat models Tar et al. 2014 ) and in treatment of MRSA infected abscesses Schairer et al. 2012) . Most recently, NOnp has been shown (Qin et al. 2015) to have a direct impact on the inflammasome response in a preclinical acne study, indicating that the combination of NO effects including anti-inflammatory and antimicrobial perform well for treatment of a wide range of topical indication. Therapeutic implications for systemic indications are evident from the IV infusion of NOnp, which has been shown to produce a sustained vascular response (Cabrales et al. 2010 ) that includes anti-inflammatory properties as well as vascular influences, the most significant of which is enhanced tissue perfusion, as reflected in several physiological parameters, the most important being functional capillary density. These properties have been manifest in the positive consequences of using IV infused NOnp in animal models evaluating efficacy in response to acellular hemoglobin induced toxicity and to hemorrhagic shock (Nachuraju et al. 2011) .
The nanoparticle platform used for NOnp is also suitable to the delivery of a very wide range of therapeutics. To date, the platform has been used both for topical delivery of curcumin , antifungals (Sanchez et al. 2014 ), Snitrosothiols Mordorski et al. 2015) , siRNA , peptides and PDE5 inhibitors ) and for systemic delivery of S-nitrosothiols derivatives of N-acetylcysteine . The platform can be surface modified to tune surface charge as well as introducing large PEG chains. Preliminary studies (Friedman, Navati and Cabrales) show that PEG2K coated nanoparticles (NOnp) have greatly extended circulation half-life (from several hours to days). A schematic of this platform that includes potential deliverables as well as surface modifications is shown in Fig. 2 .
Lipid Based Nanoparticles

Solid Lipid Nanoparticles (SLN)
Solid lipid nanoparticles (SLN) are made of glycerides, waxes, or fatty acids, all solid lipids, and stabilized with emulsifiers like phospholipids, Tween, or bile salts (Gastaldi et al. 2014) . These nanoparticles are typically spherical in shape and contain a solid lipid core, which makes them ideal carriers of lipophilic and hydrophobic drugs, as seen in Fig. 3A . SLNs are made by high pressure homogenization, specifically called hot homogenization, that utilizes high pressure and high temperatures (Gastaldi et al. 2014 ). Currently, additional methods which do not involve high pressure and temperature are being designed in order to provide a safer creation method. These alternative methods include microemulsion templates, coacervation, solvent-based, membrane contactor, melt-emulsification and supercritical fluid technology methods (Gastaldi et al. 2014) . For example, the meltemulsification method, a technique generally thought of as a safer alternative to high pressure homogenization, melts lipids, then a stabilizer is added, then the solution is diluted and slowly cooled so the nanoparticles form with a solid lipid center with phospholipid and a stabilizer on the outside (Orlando et al. 2013) .
Solid Lipid nanoparticles have a variety of applications, but research shows these nanoparticles work best when delivered orally, parenterally, and topically (Gastaldi et al. 2014 ). Due to the fact that SLNs are lipid based, these nanoparticles are biocompatible, extremely stable, are not made using organic solvents which makes them a safe means of drug delivery (Gastaldi et al. 2014) . Additionally, SLNs are easily mass produced, easily sterilized (Gastaldi et al. 2014) . As these nanoparticles are generally 120-200 nm, they are able to bypass filtration in the liver and spleen, can be modified to target specific tissue or cell types that were previously unreachable via the attachment of ligands to their surface (Gastaldi et al. 2014) . For example, solid lipid nanoparticles show major promise in the treatment of neurological issues. Battaglia
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Imaging probes (fluorescence, PET) Fig. 2 Hybrid hydrogel-glassy nanoparticle structure, potential encapsulated agents, and surface modifications. The hydrogel-glassy nanoparticle platform are used for the delivery of many therapeutics. Specifically, the platform has been used both for topical delivery of curcumin , antifungals (Sanchez et al. 2014 ), Snitrosothiols (Mordorski et al. 2015; Nacharaju et al. 2012) , siRNA , peptides ), PDE5 inhibitors ) and for systemic delivery of S-nitrosothiols derivatives of N-acetylcysteine . To further tailor the nanoparticle, the surface can be modified to tune surface charge as well as introducing large PEG chains. Preliminary studies (Friedman, Navati and Cabrales) show that PEG2K coated nanoparticles (NOnp) have greatly increased circulation half-life from several hours to days et al. utilized DOX loaded SLNs to bypass the BBB for the treatment of glioblastoma ). The results showed that DOX maintained its cytotoxic effect towards tumor cells despite being encapsulated in the SLN . These results are promising as most pharmaceuticals have a difficult time maintaining potency as they cross the BBB.
Encapsulated agent
Nanoemulsions
Nanoemulsions are made by adding oil to drug solution diluted in ethanol and stirring so the ethanol evaporates (Vyas et al. 2008 ). The aqueous phase was made with deionized distilled water and egg phosphatidylcholine (Lipoid E80®) and deoxycholic acid (Vyas et al. 2008 ). Both oil and aqueous phase are heated on a hot plate before stirring together and sonicating (Vyas et al. 2008) . Nanoemulsions are heated again on hot plate, cooled to room temperature, filtered through 0.45 μm filter, and stored at 4°C in the dark (Vyas et al. 2008) . Using a similar technique, a 2014 group effectively encapsulated a chemically modified DALDA (a mu-opioid peptide analogue) (Shah et al. 2014 ). The encapsulated analgesic peptide was administered to rodents, and functional magnetic resonance imaging (fMRI) was performed. The fMRI study showed that the administered nanoemulsion was both well tolerated and provided analgesic effects upon a painful stimulus (Shah et al. 2014) . A schematic diagram of nanoemulsions can be seen in Fig. 3B .
Cell Derived Nanoparticles
Liposomes
Liposomes, a nano-delivery system that consists of an aqueous core surrounded by a phospholipid bilayer, have been shown to be effective in encapsulating both hydrophobic and hydrophilic drugs, as shown in Fig. 3C . Liposomes are often a sphilglomyelin-cholesterol nontoxic structure, about 100 nm, that can contain nucleic acid, protein, or even some types of drugs (Kooijmans et al. 2012; Orlando et al. 2013 ). Liposomes do not contain nearly as many proteins and genetic material as extracellular vesicles such as exosomes, which allows for easier elucidation of the effects of each individual component (Kooijmans et al. 2012) . Despite this, many researchers are trying to modify liposomes to look like exosomes when delivered in vivo (Kooijmans et al. 2012) . They can be made by dissolving lipids in chloroform and methanol, drying them in a vacuum, rehydrating in saline, and filtering them to achieve the end product (Orlando et al. 2013) . Another production method is to dissolve the lipids in chloroform, evaporate the solvent with nitrogen gas, vacuum desiccation, dilute the lipids with a saline solution containing fentanyl, and finally sonicate the solution (Hoekman et al. 2014 ). Several drugs encapsulated by liposomes have reached the clinical trial stage (Kooijmans et al. 2012; Puri et al. 2009 (Gastaldi et al. 2014) . They are typically spherical in shape and contain a solid lipid core, which makes them ideal carriers of lipophilic and hydrophobic drugs. B Nanoemulsion Schematic. Nanoemulsions are made by adding oil to drug solution diluted in ethanol and stirring so the ethanol evaporates (Vyas et al. 2008) . Nanoemulsions are ideal carriers of lipophilic and hydrophobic drugs. C Liposome Nanocarrier Schematic. Liposomes consist of an aqueous core surrounded by a phospholipid bilayer, have been shown to be effective in encapsulating both hydrophobic and hydrophilic drugs. Liposomes are often a sphilglomyelin-cholesterol nontoxic structure, about 100 nm, that can contain nucleic acid, protein, or even some types of drugs (Kooijmans et al. 2012; Orlando et al. 2013) twice the dose intensity compared to standard vincristine in a phase II study (Rodriguez et al. 2009 ). A phase III clinical trial used a cytarabine liposome injection, DepoCyt, to improve the treatment of neoplastic meningitis (NM) (Phuphanich et al. 2007) . The results showed an increase in the concentration of cytarabine in both the ventricular and lumbar cerebrospinal fluid that was detectable for up to 14 days post-administration resulting in longer exposure of the target tumor to therapeutic concentrations of cytarabine (Phuphanich et al. 2007 ). This is a drastic increase compared to free, non-liposome encapsulated cytarabine which could only occasionally be detected (Phuphanich et al. 2007) . Despite the promise showed by liposomes as drug delivery vehicles, they remain expensive, difficult to sterilize, and possess a short shelf life (Jeong et al. 2007 ). Another potential drawback to using liposomes to deliver drugs is their ability to release contents to a localized target. For this to occur a trigger is required for the liposome membrane to disrupt and expel the contents and a ligand or receptor is required for the liposome to target to specific cells or areas of the body (Puri et al. 2009 ). This required mechanism makes the application of liposome drug delivery systems more complex leading to other possible complications.
Exosomes
Exosomes, Fig. 4 , are small secreted vesicles about 40-100 nm released from all cell types (Sun et al. 2010; Kooijmans et al. 2012; Batrakova and Kim 2015) and have so far been found in several bodily fluids including plasma, lymph, breast milk, semen, saliva, amniotic fluid, and urine (Aryani and Denecke 2016) . They can attach to target cell membranes because of the numerous surface proteins and ligands, such as tetraspanins and integrins, and transfer material into the recipient cells (Batrakova and Kim 2015) . Exosomes can carry proteins present in all cell types or proteins specific for the cell of origin (Batrakova and Kim 2015) . Recipient cells can be a great distance away, yet acquire information from exosomes (Aryani and Denecke 2016) . Since exosomes are made by the host, they can be considered immune privileged vesicles that can carry foreign material across otherwise impassable barriers. Exosome formation occurs within a cell when the endosomal membrane buds inward to create multivesicular bodies (MVB) (Batrakova and Kim 2015) . MVB may be sent to the lysosome to be degraded, or can be sent to the surface membrane and released outside the cell (Aryani and Denecke 2016; Batrakova and Kim 2015) . It is important to note there are other types of extracellular vesicles. Microvesicles are 100-500 nm, formed by outward budding of the cell membrane, and can be difficult to separate from exosomes ( Kooijmans et al. 2012; Batrakova and Kim 2015) . There are a few databases available internationally online called Vesiclepedia (http://microvesicles.org/) and ExoCarta (http://www.exocarta.org/) (Kooijmans et al. 2012 ) that contain information on the types of extracellular vesicles and the different proteins, lipids, and nucleic acids found within (Aryani and Denecke 2016) .
There are several methods to analyze exosomes such as flow cytometry, mass spectrometry (MS), and western blotting (Batrakova and Kim 2015) . Using these methods, several protein markers have been found to distinguish exosomes from other extracellular vesicles. These include TGS101, CD9, CD81, CD63, and Alix (Aryani and Denecke 2016; Batrakova and Kim 2015; Kooijmans et al. 2012) . The most common method of exosome purification is multiple ultracentrifugation and filtration steps (Aryani and Denecke 2016; Batrakova and Kim 2015) . Other purification methods use chromatography and polymer-based precipitation (Batrakova and Kim 2015) .
Recently, exosomes have been studied for possible use in therapeutics. This requires loading a drug into the exosomes, which can be accomplished by these different methods: purify the exosomes from donor cell media then load the drug; add drug to donor cells then isolate exosomes from the media; or transfect donor cells with DNA that encodes for the drug, then isolate the exosomes from the media (Batrakova and Kim 2015) .
The first method using naïve exosomes works by incubating the exosomes with a lipophilic drug that will passively load itself into the exosomes (Sun et al. 2010; Zhuang et al. 2011; Batrakova and Kim 2015) . This same technique has been modified using electroporation in order to load short interfering RNA (siRNA) into exosomes (Alvarez-Erviti et al. 2011; Kooijmans et al. 2012; Batrakova and Kim 2015) . Additionally, permabilization agents, such as saponin, can be used to increase loading efficiency (Batrakova and Kim 2015) . The second method of loading exosomes via adding drug to donor cells then isolating exosomes from the donor media, has been successfully used with anticancer drugs Etoposide, Irinotecan, Carboplatin, and Mitoxantrone (Batrakova and Kim 2015) . The last method of genetically modifying the donor cells by transfecting them with DNA that encodes for the desired drug was shown to work when a plasmid was transfected into macrophages (Batrakova and Kim 2015) .
These techniques have been shown to increase the delivery of pharmaceuticals to their target location. For example, Sun et al. used curcumin, an anti-inflammatory agent, loaded into exosomes to started monocyte-derive myeloid cells in order to reduce inflammation due to autoimmune and inflammatory diseases (Sun et al. 2010) . They found that the exosome delivery of curcumin increased both stability and concentration in the blood without creating numerous offtarget effects (Sun et al. 2010) . Beyond pharmaceutical drugs, exosomes have been successful in the delivery of siRNA specific for BACE1, a target of Alzheimer's disease, to the brain of mice (Alvarez-Erviti et al. 2011) . The siRNA-exosome complexes were able to produce both mRNA and protein knockdown of BACE1, 60 % and 62 % knockdown respectively (Alvarez-Erviti et al. 2011).
Natural Polymers
Natural polymers have become a topic of interest due to their biocompatibility and non-toxic nature. They also offer a diverse range of therapeutic applications. Some natural polymers include: chitosan, gelatin, alginate, pectin, xanthan gum, guar gum, gellan gum, and carrageenan (Jana et al. 2011 ).
Chitosan
Chitosan is a polysaccharide that acts as an antiviral, antimicrobial, and anti-tumor agent that will bind to mucus, such as in the intestines (Lai et al. 2014) . Chitosan is isolated from chitin by hydration and heating the basic solution for several hours (Lai et al. 2014) . Ionotropic gelation method of making chitosan nanoparticles begins with chitosan dissolved in an acidic solution diluted with water (Lai et al. 2014) . Tripolyphosphate is slowly added, causing the nanoparticles to form by changing the pH of the solution (Lai et al. 2014 ). These nanoparticles are usually 100 nm (Lai et al. 2014) . Ionotropic gelation method uses highly diluted solutions with a small yield (Grabowski et al. 2015) . Chitosan nanoparticles can also be made by coacervation or nanoprecipitation methods (Lai et al. 2014) . These nanoparticles are of particular interest because they possess the capability to cross mucus membranes, specifically the nasal cavity and intestinal tract, as they are able open tight junctions of epithelial cells (Vila et al. 2002; Grabowski et al. 2015) . Due to chitosan's unique ability to cross mucus membranes, a 2016 study utilized the nasal administration of chitosan nanoparticles (Hanafy et al. 2016 ). The chitosan complexes were used to encapsulate galantamine, a drug used to manage mild to moderate Alzheimer's disease. This study showed no toxicity or histopathological signs and decreased the level of AChE protein and activity in the brains of rats (Hanafy et al. 2016) . The efficacy and safety of these gelatin nanoparticles make them a promising candidate in future research of nasally delivered drugs.
Gelatin
Gelatin can be isolated from the collagen in bones before being used to make biodegradable nanoparticles by double Cytokeletal Proteins
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Encapsulated Agent •Curcumin •Carboplatin, Etc. Fig. 4 Exosomes as nanocarriers. Exosomes, small secreted vesicles about 40-100 nm, are released from all cell types (Batrakova and Kim 2015; Kooijmans et al. 2012; Sun et al. 2010 ) and have been found in several bodily fluids (Aryani and Denecke 2016) . Exosomes possess the ability to attach to target cell membranes due to numerous surface proteins and ligands, such as tetraspanins and integrins, and therefore are able to transfer material into the target recipient cells (Batrakova and Kim 2015) desolvation method (Kaur et al. 2008; Lai et al. 2014) . Gelatin is first dissolved in water, then acetone is added, the supernatant removed, the gelatin is redissolved in distilled water, the drug is added to the upper phase and the pH changed to <4.0, acetone is added drop wise, then the nanoparticles are cross linked with a glutaraldehyde solution, then filtered or sonicated and centrifuged to purify (Kaur et al. 2008; Lai et al. 2014 ). Water-in-oil emulsification method is another technique of making these nanoparticles (Lai et al. 2014) . The side chains of the proteins can be adapted to allow hydrophobic drugs to be incorporated into the nanoparticles (Lai et al. 2014) . Gelatin nanoparticles are frequently tailored to target specific sites with mannan, with this method they tend to be about 100-150 nm, an ideal size for allowing uptake in the lymph nodes (Kaur et al. 2008) . A 2008 study showed that mannancoated gelatin nanoparticles are an effective means of increasing the cellular uptake in macrophages. Didanosine encapsulated in mannan-coated gelatin nanoparticles showed a 5 fold increase in cellular uptake compared to the same drug in solution (Kaur et al. 2008 ). The same study showed an in vivo increase in biodistribution of didanosine in several locations specifically the lymph nodes, the spleen, and the brain (Kaur et al. 2008) . The same nanoparticles were found to have the greatest impact on the brain, increasing the localization of dianosine 12.4 fold compared to the injection of a PBSdidanosine solution (Kaur et al. 2008 ).
Nanoparticles in CNS HIV Infection
HIV Neuropathology
There are 34 million people living with Human Immunodeficiency Virus (HIV) as of 2014 worldwide (WHO Fact Sheet No.360, 2015) . Despite years of research, HIV treatment still remains a major issue due in part to anatomical viral reservoirs within the body that accumulate latently infected cells and are unreachable by even the most effective drugs (Siliciano et al. 2003) . The Central Nervous System (CNS) represents one of these viral reservoirs for several reasons. It is usually infected during HIV infection; it houses an integrated provirus which can be reactived to produce new virus; and finally CNS cells have long halflives and have the ability to establish viral latency (Coiras et al. 2009; Churchill and Nath 2013; Zayyad and Spudich 2015; Gray et al. 2014) .
The Trojan horse hypothesis is the predominate mechanism of HIV infection of the CNS. This hypothesis is characterized by the entry of infected peripheral blood mononuclear cells (PBMCs), mostly monocytes, across the blood brain barrier (BBB) (Peluso et al. 1985) . Once infected monocytes have gained access to the CNS, they cause an increase in the expression of specific molecules to disrupt normal functioning of the BBB. The increased permeability of the BBB during HIV infection occurs as a result of aberrant levels of chemokines, chemokine receptors, adhesion molecules and matrix metalloproteinases. Additionally, there are other mechanisms which involve direct infection of blood brain barrier cells. (Hazleton et al. 2010) .
Chemokine dysregulation is a major player in the increased migration of leukocytes across the blood brain barrier during HIV infection. Chemokine (C-C motif) ligand 2 (CCL2) is a chemoattractant chemokine that is found in increased levels in the cerebrospinal fluid and brain tissues of patients with HIVassociated dementia. Increased CCL2 causes an increase in the migration of PBMCs, mostly monocytes, which causes increased BBB permeability. Additionally, HIV entry into the CNS causes an upregulation of chemokine receptors such as chemokine (C-C motif) receptor 2 (CCR2), CXCR4 and CCR5 (Seilhean et al. 1997; Eugenin et al. 2006; Hazleton et al. 2010) .
HIV infection in the CNS has different consequences for each type of cell. The virus can infect astrocytes, endothelial cells, microglia, and monocytes/macrophages. However, the virus has no known direct effect on neurons and oligodendrocytes (Bilgrami and O'Keefe 2014) . For example, astrocytes play various roles in the uninfected, normal-functioning of the brain such as synaptic homeostasis and maintenance of the blood brain barrier. Infection causes an increase in the migration of infected astrocytes across the blood brain barrier via an increase in astrocyte adhesion molecules. In 2007, a team of colleagues proposed a model by which infected astrocytes in the CNS cause apoptosis in adjacent uninfected astrocytes and neighboring neurons via gap junctions (Eugenin and Berman 2007) . Apoptosis of uninfected astrocytes and neurons, along with increases in chemokines and inflammation, causes damage to the white matter.
HIV infection causes an increase in the expression of the chemokine (C-C motif) ligand 2 (CCL2), which in healthy individuals is responsible for recruitment of monocytes, macrophages, T-cells, and dendritic cells to the site of injury or infection. However, in an HIV-infected individual, the increase of CCL2 expression causes an increase in the migration of infected leukocytes, which have a high rate of viral replication, across the blood brain barrier. HIV infected monocytes in the CNS secrete substances such as chemokines, cytokines, and viral proteins (Seilhean et al. 1997; Yi et al. 2004; Eugenin and Berman 2007) . Eugenin et al. showed HIV infection to decrease gap junction communication in astrocytes by 40 % (Eugenin and Berman 2007) . The remaining functional gap junctions, however, were still able communicate important signals between the astrocytes (Eugenin and Berman 2007) .
The numerous HIV viral proteins including gp120, Nef, Vpr, and Tat cause a disruption of the blood brain barrier via various sites of action and mechanisms. An envelope glycoprotein, gp120, causes an increase in permeability of the endothelial monolayer and increases monocyte migration across the BBB (Cioni and Annunziata 2002; Kanmogne et al. 2007; Atluri et al. 2015) . Additionally, gp120 selectively down-regulates the tight junction proteins, ZO-1, ZO-2, and occludin, which further deteriorates BBB integrity (Kanmogne et al. 2005) . Gp120 decreases BBB integrity by at most 20 %, and is restored in the absence of gp120 (Kanmogne et al. 2007) . Others reported up to 47 % disruption of the BBB by gp120 with restoration of when anti-gp120 antibodies are added (Cioni and Annunziata 2002) . Another viral protein, Nef, negative regulatory factor, has been shown to cause a rupturing of the BBB via matrix metalloproteinase-9 activity (Sporer et al. 2000; Atluri et al. 2015) . Furthermore, Nef has demonstrated the ability to induce apoptosis in primary human brain microvascular endothelial cells via activation of several caspases, a couple tumor proteins, tumor necrosis factor receptor 12, MAPK, and MAPK 7 (Acheampong et al. 2005) . A pleiotrophic protein essential to HIV replication, Viral Protein R (Vpr), disrupts astrocyte metabolism and decreases neuronal survival via an increase in caspases, chemoattractants, and prokinflammatory cytokines (Ferrucci et al. 2013; Atluri et al. 2015) . Moreover, Vpr has caused disruption of sodium and calcium levels in both neurons and astrocytes, respectively (Ferrucci et al. 2013) . Finally, Tat, a trans-activator of transcription, increases the number of lysosomes, philopodia, and vesicular Golgi complexes in monocytes, which results in an increased migration of moncytes across the BBB (Persidsky et al. 1997; Atluri et al. 2015) . Tat also has shown to cause Rho activation, which in turn causes a decrease in tight junction integrity (Persidsky et al. 2006) . HIV infected patients with severe encephalitis had an observed 54 % disruption of occludin and claudin-5 in the brain (Persidsky et al. 2006) .
Although HIV disrupts the BBB, the disruption is not necessarily permanent nor is it a complete disruption. The majority of the BBB remains undisturbed. Furthermore, the percentage of BBB disruption could be improved in the subject was treated with ART drugs, however, the studies cited above include only ART naïve samples. Some ART drugs, Zidovudine, Nevirapine, and Indinavir, have above average CNS penetration whereas some ART drugs, Nelfinavr, Ritonavir, and Tenofovir, have below average CNS penetration (Letendre et al. 2010) . Adequate CNS penetration of anti-retroviral drugs allows for repair of the damage caused by HIV infection whereas low CNS penetration increases the probability that the CNS will not repair itself.
Current HIV Treatments
There are currently more than 20 anti-retroviral drugs used in highly active anti-retroviral therapy (HAART) for the treatment of HIV-1 in the United States. There are several classes of drugs used in combined anti-retroviral regimen typically consisting of two nucleoside reverse transcriptase inhibitors (NRTI) and one additional drug from one of three classes including non-nucleoside reverse transcriptase inhibitor (NNRTI), integrase strand transfer inhibitor (INSTI), or a protease inhibitor (PI). These regiments are sometimes supplemented with other drugs such as CCR5 antagonists in ART treated patients (NIH AIDSinfo, 2016) . While HAART therapeutics has increased survival in patients, latent HIV continues to reside in reservoirs throughout the body. A major reservoir of focus is the central nervous system, which is protected by the blood brain barrier, which gives way to poor drug delivery and availability in the brain. The low permeability of ART across the blood brain barrier leads to high levels of HIV in the cerebrospinal fluid, which gives way to HIV-associated neurocognitive disorders (HAND) (Rao et al. 2009; Hazleton et al. 2010 , Bilgrami and O'Keefe 2014 , Gray et al. 2014 , Zayyad and Spudich 2015 , Gelman 2015 . Recently research has been directed towards utilizing existing transport systems via various types of nanoparticles and surface modifications.
Use of Biodegradable Nanoparticles in the Treatment of HIV Polymeric Nanoparticles
Many types of polymeric nanoparticles have been successful in creating a more effective anti-retroviral therapy. Destache et al. utilized PLGA nanoparticles to encapsulate ritonavir, lopinavir, and efavirenz. Their results show that the use of polymeric nanoparticles increased the length of time the drugs were found in detectable concentrations in comparison to freely injected drugs (Destache et al. 2010) . Additionally, a modified PSC-RANTES protein with a biotin tag encapsulated by PLGA has shown potential as a CCR5 receptor inhibitor (Ham et al. 2009 ).
Kuo and Su showed that the polymeric nanoparticles are an effective means of increasing the permability of anti-retroviral drugs across the blood brain barrier (2007) . MMA-SPM nanoparticles increased BBB permeability of three anti-retroviral drugs, stavudine (D4T), delavirdine (DLV), and saquinavir (SQV), by 3-7 fold. Whereas PBCA increased by BBB of these three anti-retrovirals by 12 to 16 fold. Both MMASPMs and PBCAs were found to have similar loading efficiencies (LE) with regards to the same anti-retrovirals. The trend demonstrated that loading efficiency decreased with an increase in particle size (Kuo and Su 2007) . The same group later experimented with MMA-SPM modifications such as RMP-7, a pseudopeptide of bradykinin analog, in order to increase D4T, DLV, and SQV loading capabilities (Kuo and Lee 2012) .
Tat-conjugated nanoparticles have been effective in the transport of the protease inhibitor, ritonavir into the central nervous system. This PLA nanoparticle works by bypassing P-glycoprotein's efflux capabilities and enters the endothelium of the brain vasculature via transcytosis. The protease inhibitor levels with use of the conjugated nanoparticles is 800-fold higher in comparison to levels associated with the drug in solution (Rao et al. 2008) . Others have found that tatconjugated nanoparticles do not cause neurotoxic side effects (Borgmann et al. 2011) . HIV p24 levels were significantly decreased in the brain of the treated macrophages, showing this to be a potential anti-viral method (Borgmann et al. 2011) . Further research will show if this method is as effective in other organs (Borgmann et al. 2011) .
Polymeric nanoparticles show great promise in the treatment of HIV, specifically the previously inaccessible neurological components. However, further research is needed to explore the use of other types of polymeric nanoparticles such as human serum albumin, PCL, and hydrogels.
Lipid Based Nanoparticles
Kuo and Su showed that solid lipid nanoparticles are an effective means of increasing the permeability of anti-retroviral drugs across the blood brain barrier. SLNs increased BBB permeability of three anti-retroviral drugs, D4T, DLV, and SQV, by 4-11 fold. Additionally, they demonstrated that SLNs were most efficient carriers of hydrophobic/ lipophilic drugs (Kuo and Su 2007) . More specifically, SQV is a protease inhibitor that is used to treat HIV patients; it inhibits cleavage of pol and gag polyproteins and thus preventing viral maturation (Vyas et al. 2008) . It is a lipophilic drug with low bioavailability and can be inhibited by the P-glycoprotein (P-gp) pathway since it is a P-gp substrate (Kuo and Chen 2009) . Entrapment of SQV within SLN increases the efficiency of drug delivery (Kuo and Chen 2009) .
Nanoemulsion techniques are used to overcome the limited drug delivery due to the efflux of P-gp. SQV, a protease inhibitor, has been shown to have enhanced oral bioavailability and brain distribution when used in a nanoemulsion made with various edible oils such as flax-seed oil, and safflower oil, which are rich in poly-unsaturated fatty acids (PUFA). Additionally, PUFA nanoemulsions caused an increased uptake of paclitaxel (P-gp substrate and anticancer agent) by the gastrointestinal tract (Vyas et al. 2008) . Indinavir, another protease inhibitor, has demonstrated increase oral bioavilabity when used in transferrin-coupled solid lipid nanoemulsion. Transferrin is an endogenous glycoprotein involved in the movement of iron. In this case the naturally occurring transferrin receptors, a receptor which is overexpressed on brain cells, are utilized as an additional means of penetrating the blood brain barrier via receptor mediated transcytosis (Prabhakar et al. 2011) .
Cell Derived Nanoparticles
Liposomes have shown great potential as drug carriers in the treatment of HIV. However, there is still more research needed to further develop this technology. Many techniques are used to sustain the liposome drug delivery in HIV infected systems including, prodrugs and drug polymer conjugates. In 2005, a study was conducted that showed zidovudine (AZT) entrapment in liposomes was low and leaky. In order to overcome this challenge, the AZT was modified to form a prodrug, zidovudine myristate. The prodrug was then loaded into the liposomes and injected into the subjects and circulating levels were compared to that of freely injected zidovudine myristate. The results showed a dramatic increase in circulating levels due to liposome encapsulation (Jin et al. 2005) . Additionally, Garg et al. showed an increase in tissue distribution of the antiretroviral drug D4T when encapsulated in liposomes that were mannosylated. The group compared free circulating D4T to liposome encapsulated D4T to mannosylated liposome encapsulated stavudine. The study showed the drug polymer conjugated liposomes are a promising method of site-specific and ligand-directed delivery of anti-retrovirals in HIV patients. Although liposomes show potential as drug carriers in the treatment of HIV, they are found to be most effective in the liver spleen and lungs (Garg et al. 2006) . While exosomes have shown to be effective drug delivery systems, further research is needed to determine if exosomes are a suitable nanocarrier for the treatment of HIV.
Natural Polymers
Biological tissue engineering has led to increased interest in natural polymers especially due to their relatively safe, nontoxic nature. A 2015 study involving ursodeoxycholic acid conjugated zidovudine (UDCA-AZT) demonstrated that this conjugated form of AZT is able to escape active efflux transporters, the transporters in the brain responsible for removing drugs. The conjugated form of AZT was able to enter the brain with twenty times more efficiency compared to AZT alone. Additionally, this group used the nasal administration of UDCA-AZT encapsulated within chitosan chloride-based microparticles to increase the dissolution rate (Dalpiaz et al. 2015) .
Gelatin nanoparticles have shown to successfully accumulate in the target organs via intravenous injection. Vinogradov et al. demonstrated that gelatin nanoparticles were found to produce a 15 fold increase in contents delivered to the brain compared to free circulating levels and demonstrated reduced mitochondrial toxicity. This increase in circulating levels was due to charge alternations and surface additions of brain-specific ligands (Vinogradov et al. 2004) . Furthermore, the same group demonstrated a reduction of neurotoxicity by modifying the same gelatin based nanoparticles with the peptide binding brain-specific apolipoprotein E receptor. The reduction of neurotoxicity was due to a decrease in the formation of reactive oxygen species and a decreased level of apoptosis compared to that of free circulating drug (Gerson et al. 2014) .
siRNA Encapsulation
RNA interference is a regulatory mechanism found in most eukaryotic cells which utilizes short interfering double stranded RNA (siRNA), which is 21 to 25 nucleotides in length to moderate gene activity (Aagaard and Rossi 2007) . The siRNA, which is produced by cleaving longer dsRNA, then targets a short nucleotide sequence on the genome of interest (Aagaard and Rossi 2007) . Consequently, researchers have recognized the potential of this system as a therapeutic. This technique is desirable because siRNA is able to silence a specific target gene even at very low concentrations (Date and Destache 2014) .
HIV targets for siRNA include HIV genome targets such as nef, vpr, env, gag, pol, tat, vif, rev, and TAR in the hopes of inhibiting HIV replication and CCR5 and CXCR4 for immunization potential via down regulating HIV receptors. There is great interest in the use of siRNA as a HIV therapeutic because of its potential to bypass issues with current HIV treatment such as toxicity and drug resistance. However, due to the fact that siRNA is both extremely hydrophilic and carries a negative charge, drug delivery and cellular uptake have become an issue (Date and Destache 2014) . As a response to this hurdle, researchers have begun encapsulating various siRNA molecules inside assorted nanoparticles. Furthermore, this technique is being explored as a potential therapy and/or prophylactic for patients with HIV-1.
RNA interference as a treatment for HIVoffers a wide array of target sites to inhibit viral replication. A 2012 study investigated the use of pegylated poly-(ethylene imine) nanoparticles as a means of delivery of siRNA that targeted the HIV gene nef. They found that 2-3 day treatment with siRNA encapsulated in nanoparticles inhibited viral replication at a comparable level to a 15 day azidothymidine treatment (Weber et al. 2012) . A similar study used nef siRNA encapsulated in nanoparticles to target HIV-1 infected primary astrocytes. The nanoparticles were found to successfully transverse the BBB and subsequently were effective in silencing the nef gene without causing cell death (Serramia et al. 2015) . Mahajan et al. used siRNA specific for HIV-1 poly A/TAR RNA of the LTR region, the binding site of the Tat protien, in order to achieve viral inhibition (Mahajan et al. 2011) . They found a significant decrease in both the levels of p24 and HIV-1 LTR gene expression. Furthermore, the team saw a 90 % reduction of viral replication that persisted to 1 week post-intervention with greater than 95 % viability (Mahajan et al. 2011 ).
In addition to viral replication inhibition, siRNA targeted towards the HIV-1 receptors CCR5 and CXCR4 show great promise in the field of HIV-1 vaccines. In 2002, a group of researchers used siRNA to target the HIV co-receptors. They found that within 48 h of treatment there was a marked reduction in the expression of CXCR4 and CCR5 in 63 and 48 % respectively (Martinez et al. 2002) . More recently, researchers have used various nanoparticles to enhance delivery and increase effectiveness of receptor targeted siRNAs. Kim et al. utilized lymphocyte function associated antigen-1 (LFA-1)-targeted immunoliposome to deliver anti-CCR5 siRNA. Their results showed that in vivo treatment with the nanoparticles resulted in gene silencing for 10 days. Additionally, mice treated with HIV post-siRNA therapy demonstrated an increased resistance to infection (Kim et al. 2010) . A study in 2012 showed delivery of anti-CCR5 siRNA via polymeric nanoparticles resulted in a reduction of CCR5 expression to below 15 % (Yan et al. 2012 ).
Although siRNA therapeutics shows great potential for the treatment and prevention of HIV-1, there are still limitations that need to be addressed. These limitations include; off-target silencing, the activation of the innate immune system, and competition with other RNAs (Aagaard and Rossi 2007) . Further research is needed to address these shortcomings and improve the use of siRNA in the treatment of HIV-1 and other viruses.
Conclusion
The anatomy and physiology of the blood brain barrier presents a major obstacle in the treatment of neurological conditions. Currently, there are several techniques for transporting drugs across the BBB; however, there are still several limitations. The use of nanotechnology for CNS drug delivery has the potential to address the limitations of current techniques. Biodegradable nanoparticles have become an increasingly popular solution to treatment of many diseases such as cancer, diabetes, malaria, AIDS, tuberculosis, and several prion diseases due to their ability to increase bioavilability, retention and drug solubility. Additionally, they offer a variety of customizable options such as primary nanoparticle composition (polymeric, lipid-based, cell-derived, and natural materials), targeting ligands, and surface coatings to target tissues of choice. However, further research is needed to address limitations such as toxicity and dosing.
CNS HIV infection presents a complex obstacle to treatment due to the fact that the virus itself has direct impacts on the structural integrity of the BBB via several different mechanisms. Nanoparticle based approaches show promise in the field of central nervous system drug delivery of viral therapeutics, specifically in the treatment of HIV and the treatment of latent viral reservoirs. Research with several types of nanoparticles show that there is a several fold increase in antiretroviral drug contents delivered across the BBB to the brain and also a sustained increase is circulating levels compared to drugs in solution (Garg et al. 2006; Kuo and Su 2007; Kuo and Chen 2009) . Beyond the use of anti-retrovirals, nanoparticles have been implicated in the delivery of HIV siRNAs to target sites as a potential technique to increase delivery efficiency of the siRNAs to target sites. Collectively, nanoparticles offer a potential solution to drug delivery difficulties associated with CNS diseases and infections.
